This paper is based on a case history of a 650 MW turbine-generator, which changed its vibration significantly every time when a change of its thermal/electrical load was made. Significant changes of vibration amplitude and phase distribution along the shaft indicated the contribution of different modes of vibration. Interestingly, vibration of other identical units manufactured by the same manufacturer were not sensitive to load variation. A vibration monitoring system, relying on observing slow trends in vibration data, was not able to interpret the significant vibration changes. In particular, it was not clear, whether or not there was a fault in the system and whether or not the unit was safe to operate. The paper presents problem modelling, analysis and the explanation for vibration changes. Presented analysis explains that vibration changes were not associated with the fault in the system but they were a natural response of the system to parameter change.
INTRODUCTION
odelling turbogenerator vibration in terms of its load requires identification of system parameters which undergo changes when a turbine load is changed. In this study, changes in the rotor-bearing-foundation system temperature distribution and the rotor alignment were considered. While the temperature distribution change and corresponding change in material properties seems obvious, the alignment change requires some explanation.
It is a verified fact, that the alignment of a multibearing turbogenerator set changes as a function of its operating conditions. In particular, alignment at full turbine load ("hot"), may differ significantly from the alignment when turbine is not loaded ("cold") . For example, investigations by Webster and Gibson [1977] and Hashemi [1983] have shown substantial changes in alignment arising from turbine operating conditions. Most turbine manufacturers have experimentally verified "cold" and "hot" alignments for their turbines.
In a multi-bearing rotor system, any change in alignment causes changes in all bearing reaction distribution. This is due to the fact that a multi-bearing rotor system is hyperstatic (not statically determinate). In a large turbine-generator set, rotor is usually supported by hydrodynamic bearings, which have nonlinear characteristics. In such system, a change in hydrodynamic bearing reactions causes changes in bearing equilibrium positions and consequently the bearing dynamic characteristics (stiffness and damping properties). This change in bearing dynamic properties changes dynamic characteristic of the entire system, influencing the system response and stability. A number of researchers have presented important results, demonstrating the influence of bearing transverse shifts (alignment) in rotor dynamics. For example, the effects of bearing shifts on rotor stability threshold were analysed by Mayes and Davies [1982] , Krodkiewski et al. [1983] . Hori and Uematsu [1980] obtained bearing eccentricity maps for various stability thresholds. Hashemi [1983] demonstrated the effects of bearing misalignment on the bearing load distribution, journal eccentricity in equilibrium, stability of the system, synchronous and subsynchroneous response of a multi-bearing rotor system. Parszewski and Krodkiewski [1986] introduced alignment parameters as independent variables, enabling dynamic analysis such as unbalance response or stabil!ty analysis to be performed as a function of machine alignment (in the machine configuration domain). Li [1990] also made important contribution to various aspects of analysis of linearized multibearing systems in the alignment domain. Li [1993, 1994]) gives engineers a practical, efficient and comprehensive turbine modelling tool, enabling them to study various aspects of turbine alignment and its effects on turbine vibration. An example 650 MW, 8 bearing turbine and its mathematical model will be used to explain the method and analyse vibration changes due to the thermal load variation of the turbine.
TURBOGENERATOR MODELLING
The turbogenerator modelling technique was described by authors [1988, 1993, 1994] but it is summarised here for clarity. In the method, a global model for the turbogenerator system is synthesised from 3 main substructures: rotor system, foundation--casings system and journal bearings.
Rotor modelling
Rotor substructure model is formulated using the FEM technique. Initial several hundred elements (see Fig. 1 load and "hot"--full turbine load) a separate rotor substructure was formulated.
Foundation and casings modelling
Foundation substructure is characterised by mass, stiffness and damping matrices along the required set of connecting coordinates. Such substructure could be obtained using a general purpose FEM program. The foundation--casings substructure presented here was generated using ANSYS (R) FEM program and a combination of solid and plate elements. The model is illustrated in Fig. 2 . Reduction of mass and stiffness matrices was performed, to obtain condensed mass and stiffness matrices of the structure [Me] and [Kf] along required set of coordinates. The foundation damping matrix [De] was calculated by determining damping ratios for modes of the foundation substructure.
Bearing modelling
The considered system had 8 hydrodynamic bearings: bearing and 2 had 6 rolling pads each, preloaded; other bearings had multiple fixed elliptical pads. Each bearing geometry was different. A detailed description of bearing characteristics calculation (see for example Li [1990] For the analysis presented further in this paper, the turbine alignment was specified by given bearing pedestal positions. Since a multi-bearing rotor system is hyperstatic (not statically determinate) and hydrodynamic bearings characteristics are nonlinear, an iterative method was applied to find global system equilibrium configuration (alignment) given all bearing pedestal positions. For the equilibrium configuration obtained, the required linearized bearing stiffness and damping matrices were calculated , Li 1993, 1994] [K] matrices for the entire turbogenerator system becomes straightforward (Parszewski et al [1986 (1) as "hot".
The system response to 3 different unbalance distribution will be analysed: As the turbine manufacturer suggested, "hot" alignment was considered different from "cold" alignment mainly at the first 2 bearings of the turbine (at the high pressure stage). Estimated (smallest) differences in the alignment in the vertical direction did not exceed 0.8 mm and in the horizontal direction were less than 0.2 mm. The assumed shaft alignments for "cold" and "hot" turbine, suggested by the turbine manufacturer, are presented in Fig. 3 and Fig. 4 respectively. Fig. 3 presents the calculated shaft unbalance response at the nominal speed 3600 RPM for the "cold" turbine as well as the corresponding shaft alignment. In FIGURE 6 Unbalance response: relative shaft vibration for "cold" and "hot" turbine at bearing 4.
changes are most significant at bearings 3 and 4 (Low Pressure stage 1). Plots in Fig. 5 and Fig. 6 indicate quite dramatic changes in vibration due to the turbine load change. For example at 3600 RPM (the nominal speed), amplitude increases for the "hot" system reach 100% of the initial "cold" system amplitude at bearing 3 (Fig. 5 ). Dashed lines with no labels show the system response when only rotor temperatures were changed. This result indicates, that the calculated response change is due mainly to change in the system alignment. Unbalance response of the system was calculated for other unbalance distributions and results are presented in Fig. 7 and Fig. 8 To analyse reasons for the above sensitivity an eigenvalue analysis was performed for the linearized system (2) (Chalko and Li [1994] 
Equation (9) Eigenvalues were calculated for "cold" and "hot" systems and used to create a map of critical speeds presented in Fig. 9 . Significant shifts of eigenvalues 26 and 27 between "cold" and "hot" operating conditions are shown. In particular, it can be seen, that for the "cold" system the eigenvalue 26 is closer to 3600 rpm (the nominal speed), while for the "hot" system--eigenvalue 27 is closer to 3600 rpm. Indeed the right complex eigenvector 26 for "cold" system at 3600 rpm, shown in Fig. 10 is quite similar to the system unbalance response presented in Fig. 3 , especially in vertical direction. Rotatlo epeed RPU FIGURE 9 Eigenvalues 26 and 27 for "cold" and "hot" system. FIGURE 12 Right eigenvector 27 for "hot" system. sensitivity to load changes depends strongly on the rotor unbalance as we have seen in Fig.5 , 6, 7, and 8. The left eigenvector 26 (Fig. 11) has maximum trajectory at the mid-span of the LP turbine and corresponding trajectories at other balancing planes are much smaller. The left eigenvector 27 (Fig. 13) , on the other hand has a minimum trajectory node at the mid-span of LP1, and large trajectories at two other balancing planes of LP1.
If the unbalance is located at the mid span (unbalance 1), the system shows high sensitivity, because the right eigenvector 26 (Fig. 10) contribution to the system respotase remains high, even if the eigenvalue 26 is shifted away from the resonance (see Fig. 9 ).
If the unbalance is located at either side balancing plane of LP1 (unbalance 2 and 3), the system is less sensitive, because the right eigenvector 26 contribution is significantly reduced due to the shape of the left eigenvector 26 (unbalance is applied close to node) and the fact that the corresponding eigenvalue is shifted away from the resonance (see Fig. 9 ).
PRACTICAL IMPORTANCE
1. Reasons for significant vibration changes related to the thermal load changes of the turbine were explained. It was found, that vibration changes are mainly due to the change in the system alignment, rather than due to the temperature related changes of material properties. 2. Presented analysis explains, that significant vibration changes due to load variation were not associated with the fault in the system but they were a natural response of the system to the alignment change, caused by the thermal load variations. 3. It was explained, why the two otherwise identical turbines could show different sensitivity to changes in thermal load and alignment. Vet tca FIGURE 11 Left eigenvector 26 for "cold" system. FIGURE 13 Left eigenvector 27 for "hot" system.
